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INTRODUCTION
Soybean [Glycine max (L.) Merr.] is an important crop plant that serves as a major source of protein globally. Dietary intake of soybean-based products also provides diverse health benefits such as preventing hormonedependent cancers, cardiovascular disease and osteoporosis (Wiseman, 2006) . These health benefits are at least partly due to isoflavonoids, which are a class of plant flavonoids with a 3-phenylchromone structure. Isoflavonoids also play important roles in soybean growth and survival (Graham, 1991; Barz and Welle, 1992; Gould and Lister, 2006; Subramanian et al., 2007) . The major soybean isoflavonoids are daidzein (5-deoxyisoflavonoid), genistein (5-hydroxyisoflavonoid) (Figure 1a) , and their conjugates [7-O-glucosides and 7-O-(6 00 -O-malonylglucosides)] (Yoo et al., 2013; Funaki et al., 2015) . These isoflavonoids accumulate in some organs and tissues (e.g. seeds) of nonstressed soybean plants, and the seed isoflavonoids are important for human nutrition. Induced isoflavonoid production also occurs in response to pathogen infection (Kramer et al., 1984; Ebel, 1986; Rivera-Vargas et al., 1993; Graham and Graham, 1999, 2000; Aoki et al., 2000) and insect attack (Piubelli et al., 2003; Murakami et al., 2014) .
Despite the similarity of the effects of daidzein and genistein on human health and soybean physiology, there are some functional differences between these two isoflavonoids. For example, daidzein serves as the exclusive precursor of equol, which is produced via bacterial metabolism in the human intestine (Setchell et al., 2002) . Equol exhibits higher estrogenic and antioxidant activities than daidzein and genistein and is implicated in the mechanism underlying the ability of soy to prevent hormonedependent diseases (Setchell et al., 2002) . Daidzein also serves as the exclusive precursor of antimicrobial glyceollin phytoalexins, which are synthesized de novo upon microbial infections and are important for soybean disease resistance (Aoki et al., 2000) . Control of the daidzein levels in soybean plants, therefore, may have important implications for agriculture and human nutrition.
The proposed soybean isoflavone biosynthesis pathway is presented in Figure 1 (a). Chalcone synthase (CHS or GmCHS) catalyzes the sequential decarboxylative additions of three acetate units from malonyl-CoA to p-coumaroyl-CoA, followed by a cyclization, to produce naringenin chalcone. A 6 0 -deoxychalcone (isoliquiritigenin) is also produced via a CHS-catalyzed reaction coupled to the catalytic activity of an aldo-keto reductase (AKR) (Ayabe et al., 1988; Welle and Grisebach, 1988; Welle et al., 1991; Sengupta et al., 2015) , which is also called polyketide reductase (PKR) or chalcone reductase (CHR or GmCHR) (Bomati et al., 2005) . The resulting 6 0 -hydroxy-and 6 0 -deoxychalcones (i.e. naringenin chalcone and isoliquiritigenin) then undergo three successive enzymatic reactions catalyzed by chalcone isomerase (CHI or GmCHI), 2-hydroxyisoflavanone synthase (IFS or GmIFS; a cytochrome P450), and 2-hydroxyisoflavanone dehydratase (HID or GmHID) to produce genistein and daidzein, respectively ( Figure 1 ). These isoflavonoid enzymes are encoded by multigene families in the soybean genome (Schmutz et al., 2010; Shimomura et al., 2015) . For example, there are at least nine paralogs encoding CHS (Schmutz et al., 2010; Shimomura et al., 2015) , 12 encoding CHI (Shimada et al., 2003; Ralston et al., 2005; Dastmalchi and Dhaubhadel, 2015) , two encoding IFS (Cheng et al., 2008) , and two encoding HID (Akashi et al., 2005; Livingstone et al., 2010) . For each enzyme, different isozymes exert different physiological functions in soybean plants (Shimizu et al., 1999; Tuteja et al., 2004; Dhaubhadel et al., 2007; Livingstone et al., 2010) . Moreover, some isoflavonoid enzymes reportedly interact with IFS (Waki et al., 2016) or with IFS and cinnamate 4-hydroxylase (also a P450 enzyme) (Dastmalchi et al., 2016) to form a metabolon, isoflavonoid metabolon (i.e. a fragile, highly organized supermolecular complex consisting of metabolic enzymes) (Ovadi, 1991; Srere, 2000) . Chalcone reductase is the key enzyme that catalyzes the first committed step of 5-deoxyisoflavonoid biosynthesis ( Figure 1a) . In soybean, a CHR was purified from elicitor-challenged cell suspension cultures (Welle and Grisebach, 1988) , and the CHR cDNA (GmCHR1) was cloned and characterized (Welle et al., 1991) . Other homologs [i.e. GmCHR2, GmCHR3, GmCHR4 (Subramanian et al., 2006) , and GmCHR2A (Sepiol et al., 2017) ] were subsequently identified, and their functional significance has been examined. Although CHR has been conveniently referred to as 'chalcone reductase', it does not affect naringenin chalcone. Instead, CHR most probably acts on p-coumaroylcyclohexantrione (1) (Figure 1b) , which is one of the diffusible intermediates of the CHS-catalyzed reaction (Bomati et al., 2005) . In this context, a mechanism that mediates the transfer of the substrate from CHS to CHR during the combined action of CHS and CHR has long been suspected to exist. Although the channeling of 1 between two enzymes probably occurs in vivo, the crystal structures of these two enzymes suggested that it is highly unlikely that CHR can directly interact with the buried CHS active site (Bomati et al., 2005) . Thus, a mechanism enabling the in vivo micro-compartmentalization of metabolic activities to ensure the efficient transfer of the substrate from CHS to CHR must exist. The presence of a particular CHR isozyme and/or additional scaffolding proteins (or enzymes) might be needed to produce a CHR-containing metabolon that allows for an efficient substrate transfer (Bomati et al., 2005) . However, with the exception of GmCHR1, the soybean CHR isozymes have yet to be comprehensively analyzed in terms of their enzyme activity and possible contribution to the isoflavonoid metabolon.
To address these issues, we first analyzed the distributions of 5-deoxyisoflavonoids and 5-hydroxyisoflavonoids in developing soybean tissues to establish that 5-deoxyflavonoids are more abundant than 5-hydroxyisoflavonoids in the roots and the seeds of non-stressed plants. The expression levels of GmCHR paralogs were then comprehensively analyzed, and catalytic functions, subcellular localizations, and protein-protein interactions of some of the encoded CHR isozymes were investigated. Among the GmCHR paralogs examined, the expression patterns of a previously unappreciated soybean CHR gene, GmCHR5, were the most consistent with the observed patterns of the accumulation of daidzein conjugates in the roots and the seeds of unstressed plants. Additionally, GmCHR5 was a catalytically active cytoplasmic protein and uniquely exhibited the ability to bind to IFS isozymes. In vitro assay results suggested that the ratio of CHR products (6 0 -deoxychalcone) to total CHS products depended on the GmCHR5 concentration, with higher concentrations resulting in higher ratios (approaching 90%). These observations may provide insights into the long-suspected mechanism underlying the transfer of the substrate from CHS to CHR. Furthermore, the data presented herein imply GmCHR5 are important for the considerable abundance of 5-deoxyflavonoids in the roots of non-stressed soybean plants. (a) Proposed pathway of isoflavonoid biosynthesis in soybean plants. Enzyme names are as follows: CHS, chalcone synthase; CHR, chalcone reductase; CHI, chalcone isomerase; IFS, 2-hydroxyisoflavanone synthase; HID, 2-hydroxyisoflavanone dehydratase; UGT, isoflavone 7-O-glucosyltransferase (Funaki et al., 2015) ; and MaT, isoflavone 7-O-glucoside 6 00 -O-malonyltransferase (Suzuki et al., 2007) . Key positions are labeled on the structures of chalcones (isoliquiritigenin and naringenin chalcone), flavanones (liquiritigenin and naringenin), and isoflavones (daidzein and genistein). (b) Structure of p-coumarylcyclohexantrione, which is a proposed CHR substrate (Bomati et al., 2005) . 
RESULTS

Profiles
Comprehensive transcriptional analysis of GmCHR homologs in developing soybean tissues
Using GmCHR1, GmCHR2, GmCHR3, and GmCHR4 sequences as queries, we completed a BLAST search of the Glycine max Wm82.a2.v1 genome with Phytozome ver. 10.3 (http://phytozome.jgi.doe.gov/pz/portal.html) and identified seven other GmCHR-related genes (Table 1) . The predicted amino acid sequences encoded by these GmCHR homologs indicated these enzymes belong to the AKR4 family (Hyndman et al., 2003; Sengupta et al., 2015) , whose members contain the conserved catalytic tetrad residues (corresponding to Asp54, Tyr59, Lys88, and His121 of GmCHR1) (Bomati et al., 2005) except for Glyma.02G182500 ( Figure S1 ). Two of these genes, namely Glyma.18G285800 (GmCHR5) and Glyma.02G307300 (GmCHR6), were highly similar to GmCHR1, with encoded amino acid sequence identities of 93.9 and 99.6%, respectively (Table S1) . A phylogenetic tree constructed for these GmCHR genes along with previously reported CHR genes and members of the AKR4 family revealed that the genes belonged to three subgroups ( Figure 3) . GmCHR1, GmCHR5, and GmCHR6 formed one phylogenetic subgroup (subgroup A) with previously identified CHR homologs [i.e. Glycyrrhiza echinata PKR (Ayabe et al., 1988; Akashi et al., 1996) , Glycyrrhiza glabra PKR (GenBank accession nos. D86558 and D86559), Pueraria montana var.
lobata CHR (Joung et al., 2003) and Medicago sativa CHR (Ballance and Dixon, 1995) ]. Additionally, GmCHR4 and two homologs formed subgroup B (Figure 3 ), while GmCHR2, GmCHR3, and three homologs formed subgroup C along with a CHR homolog of Sesbania rostrata (Goormachtig et al., 1999) (Figure 3) . A quantitative real-time PCR was then completed to compare the spatial and temporal GmCHR expression patterns (Figures 2b, S2 and S3) with the spatial and temporal accumulation of 5-deoxy-and 5-hydroxyisoflavonoids (Figure 2a ). The GmCHR5, GmCHR1, and GmCHR6 transcripts were observed mainly in the roots (lateral roots and taproot), where 5-deoxyisoflavonoid levels were relatively high. The abundance of GmCHR5 transcripts was considerably higher than that of GmCHR1 transcripts in the roots of 1-week-old seedlings, while the levels were similar in the roots of 4-week-old seedlings. Moreover, among the GmCHR genes examined, GmCHR5 was the most highly expressed in the seeds, where only negligible levels of GmCHR1 transcripts were detected. In developing seeds, the temporal patterns of 5-deoxyisoflavonoid accumulation were most probably due to seed GmCHR5 expression levels ( Figure S2 ). Appreciable levels of GmCHR1 expression were observed in the leaves, hypocotyls, and stem of 1-and 4-week-old plants, where 5-deoxyflavonoids were almost undetectable. Thus, the overall spatial and temporal GmCHR5 and GmCHR6 expression patterns were most correlated with the accumulation patterns of 5-deoxyisoflavonoids (Figure 2a ), although the expression levels of GmCHR6 were considerably lower than those of GmCHR5.
The GmCHR2 transcript was detected only in the aerial soybean plant parts. In contrast, GmCHR3 and GmCHR4 transcripts were observed in most soybean organs and tissues. The transcription levels of the other GmCHR homologs (i.e. Glyma.02G182500, Glyma.09G169700, Glyma.09G169800, Glyma.09G170000, and Glyma.15G189300) were much lower than those of GmCHR1-6 in all examined tissues ( Figure S3 ), and these genes were excluded from subsequent analyses.
In vitro enzyme assays of recombinant GmCHR isozymes
The full-length cDNAs of GmCHR1, GmCHR2, GmCHR3, GmCHR4, GmCHR5, and GmCHR6 were subcloned into the pCold I vector for the production of an N-terminal His 6 -tagged protein in Escherichia coli cells. The recombinant proteins were purified by nickel-affinity chromatography ( Figure S4a-f) , concentrated, and then used in in vitro enzyme assays. Because a very unstable polyketide intermediate that is formed during CHS catalysis has been proposed to be the real substrate of CHR instead of a chalcone (Bomati et al., 2005 ) (see also Discussion), the standard assay system (see Experimental procedures for details) contained NADPH (cosubstrate in the CHR-catalyzed reaction) along with the purified recombinant His 6 -tagged GmCHS1 ( Figure S4 g ), p-coumaroyl-CoA, and malonyl-CoA, which gave CHR a substrate in situ. The results indicated that GmCHR1, GmCHR5, and GmCHR6, all of which were members of phylogenetic subgroup A (Figure 3 ), exhibited CHR activities to produce isoliquiritigenin (Figure 4c, g, h) . During these CHR assays, naringenin chalcone and naringenin (isomer of naringenin chalcone) were also simultaneously produced because of the CHS-catalyzed reaction without CHR activity (Figure 1) . Appreciable CHR activities were observed for GmCHR1, GmCHR5, and GmCHR6 when CmCHS7 was used instead of GmCHS1 in the assay mixture ( Figure S5 ). Under the assay conditions, NADH was inert as a cosubstrate of the CHR reaction (Figures 4 and S5 ; panels i, m, n in each figure) . Furthermore, GmCHR2 and GmCHR3 (subgroup B members) and GmCHR4 (subgroup C member) did not exhibit any appreciable CHR activity under the assay conditions (Figure 4d -f,j-l).
In planta enzyme assays A previous study revealed that the heterologous coexpression of MYB-and bHLH-type transcription factors in Nicotiana benthamiana results in the enhanced production of flavonoids and other specialized metabolites (Outchkourov et al., 2014) . Moreover, in N. benthamiana, the expression of an individual MYB-type transcription factor [such as AmROS1, which is the Rosea1 transcription factor that regulates anthocyanin biosynthesis in snapdragon (Antirrhinum majus)] can mediate anthocyanin production (Orzaez et al., 2009) . Therefore, to confirm in planta the catalytic competence of GmCHR isozymes that exhibited in vitro activity (i.e. GmCHR1, GmCHR5, and GmCHR6), we also employed this system to examine whether the coexpression of the GmCHR gene with AmROS1 in N. benthamiana leaves resulted in the production of isoliquiritigenin, which is not normally produced in N. benthamiana.
The expression of AmROS1 alone resulted in the formation of delphinidin (i.e. anthocyanidin) in transgenic N. benthamiana leaves (Figure 5c versus 5b, peak 1), this result is consistent with the findings of earlier studies (Orzaez et al., 2009; Outchkourov et al., 2014) . When GmCHR1, GmCHR5, or GmCHR6 was coexpressed with AmROS1, two prominent flavonoid peaks were detected in addition to the delphinidin peak in the acid hydrolysates of the transgenic leaf extracts (Figure 5d ,f,g, peaks 2 and 3). A comparison of the spectral properties and retention times of these flavonoids with those of authentic standards during an analytical high-performance liquid chromatography (HPLC) experiment allowed us to unambiguously identify these flavonoids as liquiritigenin (peak 2) and isoliquiritigenin (peak 3). Because isoliquiritigenin glucosides, but not liquiritigenin glucosides, were identified in the transgenic leaf extracts without acid hydrolysis, the liquiritigenin detected in the acid hydrolysates probably arose from the non-enzymatic isomerization of isoliquiritigenin during acid hydrolysis. In contrast, when GmCHR4, which exhibited no detectable catalytic activity in in vitro assays, was coproduced with AmROS1 in the same system, liquiritigenin and isoliquiritigenin were not produced (Figure 5e ). These results confirmed the catalytic competence of GmCHR1, GmCHR5, and GmCHR6 in planta.
Effects of enzyme concentrations on the ratio (R) of CHR products to total CHS products The in vitro assay results using 0.05 lM CHS and CHR (see above) revealed that the amount of the CHR product (isoliquiritigenin) generally did not exceed 25% (mol/mol) of the total abundance of CHS products (isoliquiritigenin, naringenin chalcone, and naringenin) (i.e. 20.4 AE 2.3, 16.5 AE 5.4, and 24.7 AE 1.0% for GmCHR1, GmCHR5, and GmCHR6, respectively; see also Figure 6a ,b, closed (a) Upper panel, 5-deoxyisoflavonoid/5-hydroxyisoflavonoid ratios, with diagonally hatched and stippled bars indicating the molar percentages of 5-hydroxyisoflavonoids and 5-deoxyisoflavonoids, respectively, as calculated using the data provided in the lower panels. Lower left and right panels show the contents of 5-deoxyisoflavonoids (daidzin and malonyldaidzin) and 5-hydroxyisoflavonoids (genistin and malonylgenistin), respectively, in soybean organs and tissues at different development stages. Aglycones (i.e. daidzein and genistein) were not detected in any soybean plant parts. Data are presented as the average values for three independent samples. For soybean growth conditions, see Experimental procedures. (b) Relative transcription levels of genes encoding CHR isozymes in soybean organs and tissues at different development stages. The expression levels are provided relative to the GmCons15 expression level (Libault et al., 2008) . Data are presented as the average of three independent determinations (AE standard deviation). *Not detected. 
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Glyma.15G189300 circles). These ratios of CHR products to total CHS products (i.e. R values) could not account for the observed high proportion of 5-deoxyisoflavonoids (60.0-93.0% of the total isoflavonoids) in soybean roots and seeds (Figure 2a) . To examine whether R could be dependent on the concentrations of CHS and CHR in the assay mixture, enzyme assays were conducted using different concentrations of equimolar CHS and CHR. When GmCHS7 and GmCHR5 were used for enzyme assays, higher concentrations of CHS and CHR yielded higher R values ( Figure 6 ). For example, R values were 15.4 AE 1.8, 23.1 AE 3.9, 50.7 AE 2.0, and 83.8 AE 2.0% when the concentrations of equimolar GmCHS7 and GmCHR5 were 0.05, 0.1, 0.5, and 5.0 lM, respectively ( Figure 6a , closed circles). When GmCHS7 and GmCHR1 were used for enzyme assays, R values approached 50% when enzyme concentrations were increased to 1.0 lM. However, the R value remained unchanged (50%) at enzyme concentrations higher than 1.0 lM (Figure 6b , closed circles). Increasing the CHR concentration while maintaining the GmCHS7 concentration (0.05 lM) also resulted in an increase in the R value (Figure 6c, d ).
These observations compelled us to examine the effect of the coimmobilization of GmCHS7 and GmCHR5 on R values. Both of the enzymes used in the enzyme assays were His 6 -tagged recombinant proteins, which bound to Ni 2+ -coated magnetic beads through Ni 2+ -affinity adsorption (Schmitt et al., 1993) . Thus, the enzyme assays were Figure 3 . Rooted phylogenetic tree of the GmCHRs and AKR4 family members. The amino acid sequences of the AKR4 members were obtained from an AKR superfamily homepage (Hyndman et al., 2003) . The tree was constructed based on a CLUSTALW multiple sequence alignment and a neighbor-joining method. Numbers indicate bootstraP-values. Bar = 0.1 amino acid substitution/site. The names and DDBJ/EMBL/GenBank accession numbers of the proteins used in the sequence alignment are as follows: AtAKRs, Arabidopsis thaliana AKRs (ABH07514, ABH07515, ABH07516, and ABH07517); DpALDRs, Digitalis purpurea aldose reductases (CAC32834 and CAC32835); HvALDR, Hordeum vulgare aldose reductase (P23901); AfALDR, Avena fatua aldose reductase (Q43320); BiALDR, Bromus inermis aldose reductase (AAA21751); XvALDR, Xerophyta viscosa aldose reductase (AAD22264); HvDMAS1, Hordeum vulgare deoxymugineic acid synthase 1 (BAF03162); TaDMAS1, Triticum aestivum deoxymugineic acid synthase 1 (BAF03163); OsDMAS1, Oryza sativa deoxymugineic acid synthase 1 (BAF03161); ZmDMAS1, Zea mays deoxymugineic acid synthase 1 (BAF03164); PsCORs, Papaver somniferum codeinone reductases (AAF13736 and AAF13739); d-galacturonate reductase, Fragaria 9 ananassa D-galacturonate reductase (AAB97005); PlCHR, Pueraria montana var. lobata CHR (AF462632), MsCHR, Medicago sativa CHR (CAA57784); AmCHR, Astragalus mongholicus CHR (HM357239); GePKR, Glycyrrhiza echinata PKR (BAA12084); GgPKR, Glycyrrhiza glabra PKR (BAA13113); LjPKR, Lotus japonicus PKR (AB263016); and SrCHR, Sesbania rostrata CHR homolog (CAA11226). completed essentially as described above except that Ni 2+ -coated magnetic beads (2% by volume) were added to the reaction mixture. In the presence of the beads, the R values were 56.7 AE 2.1% when 0.05 lM ('apparent' concentration) GmCHS7 and GmCHR5 were used, and exceeded 80% when 0.25 lM or higher 'apparent' concentrations of the enzymes were used (Figure 6e ). These R values greatly exceeded the values obtained with the corresponding enzyme concentrations in the absence of the beads (Figure 6a ).
Subcellular localization of GmCHR isozymes
To investigate the subcellular localizations of GmCHR isozymes (GmCHR1-6), GmCHR proteins that were C-terminally fused to the mVenus protein (i.e. spectral variant of the green fluorescent protein) were transiently coexpressed with a non-tagged mTurquoise2 protein (i.e. another spectral variant of the green fluorescent protein) in N. benthamiana leaves. Confocal laser microscopy images of the transformed N. benthamiana epidermal cells revealed mVenus fluorescence signals in the cytoplasm and nucleus for all examined GmCHR-mVenus proteins ( Figure S6 ), as previously observed for the non-tagged mVenus protein (Fujino et al., 2018) . These signals almost overlapped with the signals from the non-tagged mTurquoise2 protein ( Figure S6 ).
Binary protein-protein interaction assays
We previously examined the physical interactions among soybean isoflavonoid enzymes and did not observe an interaction between GmCHR1 and other isoflavonoid enzymes (Waki et al., 2016) . To further examine the physical interactions involving the other CHR isozymes (GmCHR5 and GmCHR6), we conducted binary proteinprotein interaction assays. In the first step, a split-ubiquitin yeast two-hybrid system (Iyer et al., 2005) was used to examine the interactions between the CHR and IFS isozymes (i.e. GmIFS1 and GmIFS2; see Figure 1 ). The IFS isozymes are membrane-bound P450 proteins that contain an N-terminal sequence anchoring them to the endoplasmic reticulum membrane. Thus, in these assays, the SUCGmIFS-C ub -LexA-VP16 construct was designed to ensure the N-terminal sequence of these P450 proteins was inserted into membranes (see Experimental procedures for details). The yeast growth results (Figure 7 ) indicated GmCHR5 interacted with GmIFS1 and GmIFS2. However, there was no detectable interaction between GmCHR1 and either GmIFS isozyme, which was consistent with previously reported results (Waki et al., 2016) . There was also no apparent interaction between GmCHR6 and the GmIFS isozymes ( Figure 7) .
We also examined the binary interactions between the CHR isozymes (i.e. GmCHR5 and GmCHR6) and other . Effects of varying concentrations of GmCHS and GmCHR isozymes on the CHR product ratio. Ratios (mol/mol%) of the CHR product (6 0 -deoxy group; i.e. isoliquiritigenin; closed circles represent R values) and CHS products without CHR activity [i.e. naringenin chalcone plus naringenin (6 0 -hydroxy group); gray triangles] to the total CHS products (i.e. isoliquiritigenin, naringenin chalcone, and naringenin) are provided as a function of enzyme concentration(s). Data are presented as the average of three independent determinations (AE standard deviation). cytoplasmic isoflavonoid enzymes (i.e. isozymes of GmCHS, GmCHI, and GmHID; see Figure 1 ) using yeast two-hybrid assays (Chien et al., 1991) . No appreciable yeast growth was detected with any protein combination under the assay conditions ( Figure S7 ). Thus, these results along with our previous observations (Waki et al., 2016) suggested that there are no observable binary protein-protein interactions between any pair of cytoplasmic isoflavonoid enzymes (CHS, CHR, CHI, and HID). We further examined the physical interactions between CHS and CHR by biolayer interferometry (Sultana and Lee, 2015) . The resulting sensorgrams suggested that there were no (or very weak) binary protein-protein interactions between these two enzymes, with estimated K D values being in the millimolar range or higher ( Figure S8 ).
DISCUSSION
In vitro and in planta enzyme assays confirm GmCHR1, GmCHR5, and GmCHR6 encode catalytically active CHRs in soybean
We identified 11 GmCHR paralogs in the soybean genome, and among the encoded enzymes, in vitro and in planta CHR activities were observed only for the GmCHRs encoded by genes belonging to phylogenetic subgroup A (i.e. GmCHR1, GmCHR5, and GmCHR6; see Figures 3-5) . These results considered with the fact that CHR activities have been exclusively identified with subgroup A members in other plants [i.e. Glycyrrhiza echinata (Oguro et al., 2004) , Pueraria montana var. lobata (Joung et al., 2003) , and Lotus japonicus (Shimada et al., 2005) ] suggest that it is highly likely that, in soybean, only GmCHR1, GmCHR5, and GmCHR6 encode CHR enzymes. The other GmCHR paralogs may encode AKR enzymes with a different substrate specificity, as previously suggested (Subramanian et al., 2006) .
Transcriptional analysis suggests that GmCHR5 is important for the production of 5-deoxyisoflavonoids in the roots and seeds of non-stressed soybean plants Our isoflavonoid analysis indicated that the roots and seeds are the major sites for the accumulation of 5-deoxyisoflavonoids in non-stressed soybean plants (cv. Enrei). The concentrations of 5-deoxyisoflavonoids in the lateral roots of 1-week-old soybean seedlings and the seeds were 1.14 lmol g À1 FW and 0.17 lmol g À1 FW, respectively, which accounted for 93% and 60% (mol/mol) of the total isoflavonoids (Figure 2a ). In contrast, 5-hydroxyisoflavonoids (i.e. genistein conjugates) accumulated in most of the examined soybean plant parts (except for the stem) (Figure 2a ). Of the three corresponding GmCHR genes, GmCHR5 was the most highly expressed in soybean roots and seeds, in which 5-deoxyisoflavonoids accumulate. Furthermore, its temporal and spatial expression patterns (Figure 2b, bottom left panel) were the most correlated with the 5-deoxyisoflavonoid accumulation patterns (Figures 2a  and S2 ). In contrast, the GmCHR1 expression patterns were less correlated with the accumulation of 5-deoxyisoflavonoids. Specifically, we observed only negligible GmCHR1 transcript levels in the seeds (Figure 2b, upper left panel) , while the GmCHR1 transcript was detected in the hypocotyls and stem, which essentially lacked 5-deoxyisoflavonoids. The temporal and spatial expression patterns of GmCHR6 (Figure 2b , bottom right panel) were similar to those of GmCHR5, but the expression levels were significantly lower under normal growth conditions. Direct interaction of GmCHR5 with IFS probably provides a mechanism enabling the efficient transfer of the substrate from CHS to CHR The stereostructure of M. sativa CHR was elucidated in 2005 based on X-ray crystallography, and p-coumarylcyclohexantrione was proposed to be the most likely CHR substrate (Figure 1b; 1) . This probable substrate is the final polyketide intermediate formed during CHS catalysis (Bomati et al., 2005 ) (see also Figure S9 ). It is unstable in an aqueous system, in which it is rapidly aromatized to produce naringenin chalcone. In the current study, 5-deoxyisoflavonoids accounted for 93% mol/mol of the total root isoflavonoids of 1-week-old seedlings (see above). To establish such a high 5-deoxyisoflavonoid ratio, 1 has to be immediately transferred, prior to aromatization, from the active site of CHS to that of CHR, where it is reduced. Although the direct channeling of 1 between CHS and CHR may be one of the mechanisms responsible for efficient CHR catalysis, previous structural characterizations of CHR and CHS revealed that it is virtually impossible for the active sites of these two enzymes to interact directly (Bomati et al., 2005) . Thus, a passive diffusion between these two enzymes appeared to be the only way to transfer the substrate to CHR for a subsequent reduction. Under such circumstances, a relatively fast transit time for 1 between CHS and CHR would result in a relatively high R value for the CHR reaction. Our in vitro assay results consistently indicated that the R value was dependent on enzyme concentrations (Figure 6a) . Specifically, the R value was only 15.4 AE 1.8% when the assays were completed with dilute enzyme solutions [i.e. 0.05 lM CHS and CHR; under the assay conditions, an average distance and mixing time between these enzymes (termed x and t, respectively) were estimated to be 322 nm and 33 lsec, respectively (see Appendix S1 for details)]. The R value increased with increasing CHS and CHR concentrations and was 50.7 AE 2.0% when the concentrations of CHS and CHR were as high as 0.5 lM (estimated x and t values, 149 nm and 7.1 lsec, respectively) (Figure 6a) . Moreover, in the case of the assay system with GmCHS7/GmCHR5, the R value approached 90%, which was comparable with the observed proportion of the total root isoflavones represented by 5-deoxyisoflavonoids (Figure 2a) , when the enzyme concentrations were as high as 5.0 lM (estimated x and t values, 6.9 nm and 0.015 lsec, respectively) (Figure 6a) . Unexpectedly, however, the R value remained unchanged (50%) at enzyme concentrations higher than 1 lM in the assay system with GmCHS7/GmCHR1 (Figure 6b) . The mechanistic reason for the observed saturation of the R value at 50% during in vitro enzyme assays using high GmCHR1 concentrations (Figure 6b ) remains to be clarified. Therefore, to ensure R values are high enough to produce the observed proportion of 5-deoxyisoflavonoids (93%) (Figure 2a ), GmCHR5, but not the other CHR isozymes, would have to be colocalized close to CHS in the cell, even though these two enzymes do not directly interact with each other (Bomati et al., 2005) . One of the cellular strategies to fulfill such a requirement (i.e. micro-compartmentalization) during metabolic reactions involves the formation of a metabolon (Ovadi, 1991 , Srere, 2000 . In this context, it is noteworthy that the coimmobilization of GmCHS7 and GmCHR5 on Ni 2+ -coated beads via Ni 2+ -affinity adsorption significantly increased the R value even though the 'apparent' concentrations of these enzymes in the reaction mixture were low (e.g., 0.05 lM; see Figure  6e ). It is probable that CHS and GmCHR5 molecules were randomly anchored to the bead surface, so that they were close to each other (i.e. concentrated) to give rise to relatively high R values. This probably partly mimics what occurs following the formation of a metabolon in the cell; in metabolons, a scaffolding protein ensures that the enzymes are close together. In the assays with the coimmobilized enzymes, the Ni 2+ -coated beads performed a similar role.
We previously analyzed the interactions among enzymes involved in isoflavone biosynthesis in soybean plants (Figure 1a) to identify the interacting partners and propose the formation of an isoflavonoid metabolon (Waki et al., 2016) . In this study, we further investigated the interactions between the CHR isozymes and the other enzymes associated with the isoflavonoid pathway to assess the possible inclusion of CHR in the metabolon. A subcellular localization analysis revealed that GmCHR isozymes were cytoplasmic enzymes. We observed that, among the CHR isozymes examined, only GmCHR5 interacted with the GmIFS isozymes (GmIFS1 and GmIFS2) (Figure 7) . No appreciable binary interactions between CHR isozymes (including GmCHR5) and other cytoplasmic enzymes (including CHS) of the isoflavonoid pathway were detected during yeast assays (Figures 7 and S7 ) or biolayer interferometry experiments ( Figure S8 ). The physical interactions among soybean isoflavonoid enzymes identified in our previous (Waki et al., 2016) and current studies are summarized in Figure 8 . In the proposed isoflavone metabolon model, GmCHR5 and the CHS isozymes are able to interact with GmIFS isozymes. These interactions probably provide a mechanism for the micro-compartmentalization of these enzymes through the formation of a metabolon, in which GmCHR5 and CHS are positioned close to each other to decrease the transit time of 1 between CHS and CHR and produce the observed high proportion of 5-deoxyisoflavonoids in the roots.
The interaction partnerships presented in Figure 8 are somewhat different from those described by Dastmalchi et al. (2016) . Specifically, although GmCHR14 (identical to GmCHR1 in this study) was reported to interact with GmIFS2 in bimolecular fluorescence complementation (BiFC) assays (Dastmalchi et al., 2016) , this interaction was not observed in our yeast assays (Figure 7) . Moreover, Dastmalchi et al. (2016) proposed binary protein-protein interactions among the CHS, CHR, and CHI enzymes solely on the basis of BiFC results (Dastmalchi et al., 2016) . When we examined the interactions between GmCHS7 and GmCHR1 using a BiFC assay involving N. benthamiana, very weak fluorescence signals were sometimes observed in the transformed epidermal leaf cells ( Figure S10 ). However, the observed fluorescence signals were considered to be false positives when the results were carefully compared with those of control BiFC assays using multiple N. benthamiana plants at different growth stages and treated with different infiltration concentrations. The spontaneous assembly of the N-terminal (residues 1-174) and Cterminal (residues 175-239) fragments of the eYFP protein may provide false-positive results in BiFC assays, and this is one of the known limitations of the BiFC assay system (Gookin and Assmann, 2014) . According to the results of our biolayer interferometry experiments, K D values for the putative CHSÁCHR complex were estimated to be in the millimolar range or higher. Considered with the results of our protein-protein interaction assays using yeast systems, these results indicate that binary interactions between CHS and CHR were absent or very weak ( Figures S7 and S8) , consistent with the prediction from structural studies (Bomati et al., 2005;  
see above).
Possible functional differentiation among GmCHR isozymes and an evolutionary consideration Subramanian et al. (2006) reported that the silencing of GmCHR1 by RNAi decreased the contents of daidzein derivatives with increasing abundances of genistein derivatives in soybean hairy roots. The RNAi vector used in these experiments was designed to target a region with the highest identity among GmCHR1, GmCHR2, GmCHR3, and GmCHR4 to simultaneously downregulate all of these CHR homologs. Their results clearly showed that GmCHR1 and GmCHR4 were successfully downregulated by introducing the RNAi construct, leading them to conclude that the decreased expression of GmCHR1 contributed to the decrease in the daidzein/genistein ratio in the roots (Subramanian et al., 2006). However, GmCHR5 had not been identified in 2006. A nucleotide sequence comparison (Figure S11) suggested that the vector used by Subramanian et al. (2006) should have downregulated GmCHR5 as well as GmCHR1 and GmCHR4. Consequently, it remains unclear whether the observed decrease in the daidzein/ genistein ratio in the hairy roots can be solely ascribed to the suppression of GmCHR1 expression.
In this study, we were unable to identify any interacting partners of GmCHR1 and GmCHR6 through binary interaction assays using the isoflavonoid enzymes presented in Figure 1(a) . However, the observed lack of protein-protein interactions among these isozymes does not necessarily rule out the possible contribution of these isozymes to the production of 5-deoxyisoflavonoids. For example, judging from the results shown in Figure 6 (b), it would be possible that the 5-deoxyisoflavonoid/5-hydroxyisoflavonoid ratio of the isoflavonoids approached 50% in soybean tissues where GmCHR1 was highly expressed. Moreover, the involvement, if any, of GmCHR1 and GmCHR6 in the isoflavonoid metabolon might require pre-existing complexes of other enzymes and/or scaffolding protein(s). However, the observed gene expression profiles (Figure 2b) , activity results (Figure 6 ), and physical interaction partnerships (Figure 7 ) of the CHR isozymes imply that GmCHR5 was the only CHR isozyme that could consistently account for the very high 5-deoxyisoflavonoid ratio in the soybean roots. Figure 8 . Physical interactions among the enzymes of the soybean isoflavonoid pathway. Double-headed arrows indicate protein-protein interactions detected in our previous (Waki et al., 2016) and current studies. Another research group proposed that cinnamate 4-hydroxylase (a P450 enzyme) also serves as a component of the soybean isoflavone metabolon (Dastmalchi et al., 2016) . For abbreviations of enzyme names, see Figure 1 .
In soybean, the production of 5-deoxyisoflavonoids is induced in response to pathogen infection (Ebel, 1986; Lygin et al., 2009) and insect attack (Piubelli et al., 2003; Murakami et al., 2014) . The possible roles of GmCHR isozymes associated with this induction may be worth noting. Stress-induced GmCHR genes were recently identified through analyses of RNA-seq data and RT-PCR results, and included GmCHR14, GmCHR18, and GmCHR2A (Sepiol et al., 2017) , which correspond to GmCHR1, GmCHR5, and GmCHR6, respectively. Among these GmCHR genes, GmCHR2A (i.e. GmCHR6) was detected near a quantitative trait locus region linked to the resistance to a pathogenic oomycete. It must be stressed that in addition to 5-deoxyflavonoids, genistein (5-hydroxyisoflavonoid) has been proposed to play important roles for the defense mechanisms of soybean against microbial pathogens (Rivera-Vargas et al., 1993; Graham and Graham, 1999, 2000) and insect herbivores (Goławska and Łukasik, 2012) . Thus, the induced production of both types of isoflavonoids (i.e. 5-deoxy and 5-hydroxy types), rather than the exclusive production of the 5-deoxy type, would be needed for soybean plants to fully implement their defense mechanisms in response to pathogens and insects. The enhanced cellular expression of GmCHR1 and GmCHR6 may result in R values approaching 50%, enabling the production of sufficient amounts of both types of isoflavonoids, consistent with the proposed importance of both isoflavonoids in soybean defense mechanisms.
The identification of unique GmCHR5 features (see above) prompted us to analyze how and when this CHR isozyme was generated during the CHR evolution in legumes. Sequences of CHR-related genes were retrieved through a BLAST search of the genome sequences of 10 leguminous plants (i.e. Cajanus cajan, Vigna radiata, Vigna angularis, Arachis ipaensis, Arachis duranensis, Lupinus angustifolius, G. max, Medicago truncatula, Phaseolus vulgaris, and Trifolium pratense) in the Phytozome ver. 12 and GenBank databases. The species trees of these leguminous plants and the gene tree of the retrieved CHR-related sequences were constructed and compared with each other based on a tree reconciliation method (Notung 2.9; see Experimental procedures). This comparison enabled the prediction of the possible timings of duplications and losses of CHR-related genes in the leguminous plant genomes ( Figure S12a ). The analysis suggested that GmCHR1-6 homologs are common in the genomes of these legumes and were differentiated through gene duplications in the genome(s) of the common ancestor(s) of legumes prior to speciation. We estimated that during the speciation into the leguminous plants used in the analysis, duplications and losses of CHR-related genes occurred 49 and 63 times, respectively, resulting in their current distributions in the genomes of these leguminous plants. Moreover, the differentiation between GmCHR5 (subgroup A2; see Figure S12b ) and GmCHR1/GmCHR6 (subgroup A1) may have occurred prior to the speciation of legumes from their common ancestor. Meanwhile, the differentiation of GmCHR1 and GmCHR6 probably took place more recently ( Figure S12b ). The ability of GmCHR5 to interact with IFS might be related to the phylogenetic relationships of the genes encoding the isozymes (i.e. all CHR members encoded by the genes in subgroup A2 might be able to interact with IFS). However, it is possible that GmCHR5 sporadically acquired the ability to interact with GmIFS isozymes during evolution, irrespective of the associated phylogenetic relationships. Although this issue should be addressed in our future studies, it is tempting to speculate that by acquiring the ability to interact with IFS, GmCHR5 might have evolved as a major factor involved in the accumulation of 5-deoxyflavonoids in the roots under normal growth conditions. Furthermore, GmCHR5 may also contribute to the induced production of isoflavonoids during soybean stress responses because GmCHR5 expression is also upregulated upon pathogen infection (Sepiol et al., 2017) . However, GmCHR1 and GmCHR6 might be important for inducible soybean defense mechanisms because these isozymes are potentially capable of securing the production of 5-hydroxyisoflavonoids, which are important components of soybean defense mechanisms, during the induced production of 5-deoxyisoflavonoids.
EXPERIMENTAL PROCEDURES Plant materials, chemicals, and plasmids
Uniform, unblemished, disease-free soybean seeds (cv. Enrei) were surface sterilized with gaseous HClO for 1 day. Seeds were sown in sterile vermiculite with a plant nutrient solution (Yoo et al., 2013) supplemented with 5 mM KNO 3 in sterile Leonard jar assemblies composed of two 300-ml plant boxes (Yoo et al., 2013) . The seeds were incubated for 3 days at 25°C in darkness. The Leonard jar assemblies were uncovered and then incubated for 4 days at 25°C under long-day conditions (16-h light/8-h dark) in a plant growth cabinet (KCLP-1400 II CT Plant Environmental Control System, Nippon Medical & Chemical Instruments, Osaka, Japan) (http://www.nihonika.co.jp/e/), which provided approximately 200 lmol photons m À2 sec À1 of white light irradiation. Soybean seeds were also sown in soil in pots and grown to maturity. Soybean organs and tissues [i.e. cotyledons, hypocotyls, taproot, lateral roots, primary leaves, secondary leaves, stems, seeds, and pods (approximately 5 cm long)] were harvested in triplicate, washed with tap water as required, and frozen at À80°C until used. Nicotiana benthamiana plants were grown at 25°C under long-day conditions. Naringenin chalcone and p-coumaroyl-CoA were purchased from Transmit GmbH, Gießen, Germany. Liquiritigenin was purchased from Extrasynthese, Lyon, France (https://www.extra synthese.com). Malonyl-CoA, NADPH, NADH, ampicillin, and isopropyl 1-b-D-thiogalactoside were purchased from Nacalai Tesque, Kyoto, Japan (https://www.nacalai.co.jp/global/). Acetonitrile, trifluoroacetic acid, and isoliquiritigenin were obtained from SigmaAldrich Japan, Tokyo, Japan (https://www.sigmaaldrich.com/japan. html/). Delphinidin was purchased from Nagara Science, Gifu, Japan (http://www.nsgifu.jp/company/index.html). All chemicals were analytical grade except for acetonitrile and trifluoroacetic acid, which were of HPLC grade.
Sources of the plasmids used in this study are as follows: pGEM-T Easy, Promega, Madison, WI, USA; pCold I, TaKaRa Bio, Otsu Japan; pDOE-13 (Gookin and Assmann, 2014) , The Arabidopsis Biological Resource Center (Columbus, OH, USA); pBluescript-CHS1 and pBluescript-CHS7, RIKEN BioResource Center (Tsukuba, Ibaraki, Japan), National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology, Japan (http:// www.nbrp.jp).
Cloning of GmCHR paralogs
The pGEM-T Easy-based GmCHR1 construct was prepared as previously described (Waki et al., 2016) . The complete coding sequences of the other GmCHRs (i.e. GmCHR2, GmCHR3, GmCHR4, GmCHR5, and GmCHR6) were cloned and used to construct expression plasmids as follows. Total RNA was extracted from the lateral roots of 7-day-old soybean (cv. Enrei) seedlings using RNAiso Plus and Fruit-mate for RNA purification (TaKaRa Bio). Contaminating genomic DNA was removed with DNase I treatment (Sigma-Aldrich Japan). First-strand cDNA was synthesized using the PrimeScript II 1st Strand cDNA Synthesis kit (TaKaRa Bio). The GmCHR2, GmCHR3, and GmCHR4 sequences were amplified using nested PCR using the primers listed in Table S2 and first-strand cDNA as templates. The thermal cycling conditions (for first and second PCRs) were as follows: 94°C for 2 min; 30 cycles of 98°C for 10 sec, 55°C for 30 sec, and 68°C for 30 sec. For the GmCHR5 and GmCHR6 amplifications, first-strand cDNA and the corresponding primer sets (Table S2) were used in a touchdown PCR with the following program: 94°C for 2 min; 10 cycles of 98°C for 10 sec, 68-58°C (the temperature decreased by 1°C between consecutive steps) for 30 sec, and 68°C for 30 sec; 30 cycles of 98°C for 10 sec, 58°C for 30 sec, and 68°C for 30 sec. Each amplified DNA fragment was separated on a 0.8% agarose gel and extracted using the Ultraclean 15 DNA Purification kit (MO BIO, Carlsbad, CA, USA). A dA overhang was added to the 3 0 -ends of the purified DNA fragments using the 109 A-attachment mix (Toyobo, Osaka, Japan). The resulting products were TA-cloned into the pGEM-T Easy vector. The accuracy of the cloned GmCHR cDNA sequences was verified by DNA sequencing.
We could not amplify the entire coding sequences for Glyma.02G182500, Glyma.09G169700, Glyma.09G169800, Glyma.09G170000, and Glyma.15G189300 by PCR using first-strand cDNA. Thus, their partial coding sequences were amplified by PCR using soybean genomic DNA with the corresponding primer sets (Table S2 ). The PCRs were completed according to a touchdown protocol with the following program: 94°C for 2 min; 10 cycles of 98°C for 10 sec, 68-58°C (the temperature decreased by 1°C between consecutive steps) for 30 sec, and 68°C for 30 sec; 30 cycles of 98°C for 10 sec, 58°C for 30 sec, and 68°C for 30 sec. The resulting fragments were cloned into the pGEM-T Easy vector and verified by DNA sequencing.
Isoflavonoid analysis
Flavonoids were extracted from soybean tissues and organs and analyzed by HPLC as previously described (Yoo et al., 2013) .
Quantitative real-time PCR analysis
Total RNA was extracted from individual organs of soybean seedlings and mature plants as previously described (Funaki et al., 2015) . The extracted RNA was used as the template for a reverse transcription, which was completed using the PrimeScript RT reagent Kit (Perfect Real Time) (TaKaRa Bio). The GmCHR paralogs were analyzed by quantitative real-time PCR using the SYBR Select Master Mix (Life Technologies Japan, Tokyo, Japan), genespecific primers (Table S3) , and the Eco real-time PCR system (Illumina, Tokyo, Japan). The thermal cycling conditions were as follows: 50°C for 2 min; 95°C for 2 min; 40 cycles of 95°C for 15 sec, 60°C for 15 sec, and 72°C for 1 min. Each PCR was followed by a melting curve analysis to confirm that only one PCR product was amplified. A standard curve was generated using a serial dilution of the pGEM-T Easy-based construct for each gene (see above). Gene transcripts were quantified after normalizing against GmCons15 (CDPK-related protein kinase) levels (Libault et al., 2008) . The GmCons15 sequence was cloned and used to construct a GmCons15-encoding plasmid as follows. A GmCons15 fragment was amplified by PCR using first-strand cDNA as the template and the corresponding primer set (Table S3 ). The thermal cycling conditions were as follows: 94°C for 2 min; 25 cycles of 94°C for 15 sec, 58°C for 15 sec, and 72°C for 30 sec. The amplified DNA fragment was cloned into the pGEM-T Easy vector and verified by DNA sequencing.
Heterologous expression and purification of the resulting products
The complete coding sequences for GmCHR1, GmCHR2, GmCHR3, GmCHR4, GmCHR5, GmCHR6, GmCHS1, and GmCHS7 were amplified by PCR using the pGEM-T Easy-based constructs (see above), pBluescript-CHS1, or pBluescript-CHS7 as templates and the corresponding primer sets (Table S4) . Restriction enzyme sites were added during the PCR amplification for a subsequent subcloning into the pCold I vector. The thermal cycling conditions were as follows: 94°C for 2 min; 30 cycles of 98°C for 15 sec, 55°C for 30 sec, and 68°C for 30 sec. The resulting fragments were subcloned into the pCold I vector to express a fusion protein with an N-terminal His 6 tag. Escherichia coli BL21 cells were transformed with the resulting plasmids.
The heterologous expression of a cDNA encoding a CHR or CHS isozyme was completed as follows. The transformed cells were pre-cultured in a Luria-Bertani medium supplemented with 50 lg ml À1 ampicillin overnight at 37°C. A 1-ml aliquot of the overnight culture was used to inoculate the same medium (100 ml). The fresh culture was incubated at 37°C until the optical density (600 nm) reached 0.4-0.5. The culture was immediately chilled on ice, after which it was incubated at 15°C for 30 min. Isopropyl 1-b-D-thiogalactoside was then added to the medium at a final concentration of 1.0 mM, and the culture was incubated at 15°C for 24 h. Cells were harvested by centrifugation (8000 g, 5 min). All subsequent steps were conducted at 0-4°C. The harvested cells were suspended in 5 ml buffer A (20 mM sodium phosphate, pH 7.4) supplemented with 500 mM NaCl, 20 mM imidazole, 1 mg ml À1 lysozyme, and proteinase inhibitors [i.e. recommended dilution of proteinase inhibitor cocktail (Nacalai Tesque)]. The cell suspension was placed on ice for 60 min. The cells were then lysed with five cycles of ultrasonication (10 kHz for 10 sec), with a 40-sec interval between cycles. The resulting cell debris was removed by centrifugation (10 000 g, 10 min) followed by filtration with a 0.45-lm filter. The supernatant was applied to a 1-ml HisTrap HP column (GE Healthcare Japan, Tokyo, Japan) that had been equilibrated with buffer A containing 500 mM NaCl and 20 mM imidazole. The column was washed with 10 ml buffer A containing 500 mM NaCl and 20 mM imidazole, 5 ml buffer A containing 500 mM NaCl and 100 mM imidazole, and finally with 5 ml buffer A containing 500 mM NaCl and 300 mM imidazole. The enzyme-containing fractions were concentrated using an Amicon Ultra-15 (MWCO 30K) (Merck Millipore, Tokyo, Japan), and the buffer was replaced with 100 mM HEPES-NaOH, pH 7.5. The purified enzymes were analyzed by SDS-PAGE as previously described (Laemmli, 1970) and visualized using Coomassie Brilliant Blue R250. The concentrations of the recombinant enzymes were determined based on the absorption coefficients at 280 nm, which were calculated for the amino acid sequences using the method described by Pace et al. (1995) .
Enzyme assays
The standard assay mixture consisted of 100 mM phosphate buffer, pH 6.0, 20 lM p-coumaroyl-CoA, 20 lM malonyl-CoA, 1 mM NADPH, and 0.05 lM GmCHS isozyme (GmCHS1 or GmCHS7) and a GmCHR isozyme in a final volume of 100 ll. The mixture without the GmCHS isozyme was pre-incubated at 30°C for 10 min, and the reaction was started by adding the GmCHS isozyme. After a 60-min incubation at 30°C, the reaction was stopped by adding 100 ll acetonitrile and water mixture (2:3) containing 4% (vol/vol) trifluoroacetic acid. Flavonoids formed in the reaction mixture were analyzed by HPLC using a Gilson 305 system (system A; see Appendix S2 for details).
The assay mixture used to study the effects of enzyme concentrations on the CHR product ratio consisted of 100 mM phosphate buffer, pH 6.0, 100 lM p-coumaroyl-CoA, 200 lM malonyl-CoA, 1 mM NADPH, varying concentrations (0.05-5.0 lM) of equimolar GmCHS7 and a CHR isozyme (GmCHR1 or GmCHR5), and bovine serum albumin in a final volume of 100 ll. Bovine serum albumin was added for a final total protein concentration in the mixture of 10 lM. The enzymes were replaced by bovine serum albumin in the control sample. The assay mixture without the enzymes was pre-incubated at 30°C for 10 min, and the reaction was started by adding both enzymes. After a 30-min incubation at 30°C, the reaction was stopped by adding 100 ll acetonitrile and water mixture (2:3) containing 4% (vol/vol) trifluoroacetic acid.
The Ni 2+ -coated magnetic agarose beads (Schmitt et al., 1993 ) from the MagExtractor-His-tag-kit (Toyobo Life Science, Osaka, Japan) were used to study the effects of the coimmobilization of GmCHS7 and GmCHR5 on R values. The reaction mixture consisted of 100 mM potassium phosphate buffer, pH 6.0, 100 lM p-coumaroyl-CoA, 200 lM malonyl-CoA, 1 mM NADPH, varying concentrations (0.05-5.0 lM) of equimolar GmCHS7 and GmCHR5, bovine serum albumin, and 2 ll Ni 2+ -coated magnetic agarose beads (washed with 100 mM potassium phosphate buffer, pH 6.0, prior to use) in a final volume of 100 ll. Bovine serum albumin was added for a final protein concentration in the mixture of 10 lM. The enzymes were replaced by bovine serum albumin in the control sample. The assay mixture without the enzymes was pre-incubated at 30°C for 10 min, and the reaction was started by adding both enzymes. After a 30-min incubation at 30°C, the reaction was stopped by adding 100 ll acetonitrile and water mixture (2:3) containing 4% (vol/vol) trifluoroacetic acid.
Analysis of CHR activities in planta
Full-length GmCHR-coding sequences without a translation termination codon were amplified by PCR using the pGEM-T Easybased constructs (see above) as templates and the corresponding primer sets (Table S5) . Restriction enzyme sites were added during the PCR for a subsequent cloning into the pDOE-13 vector. The amplified fragments were then digested with restriction enzymes RsrII and SmaI (PpuMI and SmaI for GmCHR4). To obtain AmROS1 cDNA, total RNA was extracted from the red petals of an A. majus (cv. Snapshot Red) flower using the Fruit-mate for RNA Purification and RNAiso Plus kits (TaKaRa Bio). First-strand cDNA was synthesized by reverse transcription using the PrimeScript II 1st Strand cDNA Synthesis Kit (TaKaRa Bio) and an oligo-dT primer. AmROS1 cDNA was amplified by PCR using cDNA as the template and the corresponding primer sets (Table S5 ). The amplified fragments were then digested with NcoI and XbaI.
The amplified AmROS1 cDNA was gel-purified and subcloned into the NcoI/XbaI restriction sites of multiple cloning site (MCS) 1 in the pDOE-13 vector. After verifying the sequence of the resulting recombinant plasmid, the plasmid was digested with KflI and SwaI and ligated to one of the GmGHR cDNAs (see above). Agrobacterium tumefaciens strain GV3101 (pMP90) cells were transformed using a triparental mating method. The transformed A. tumefaciens cells harboring one of the pDOE-13 derivatives (see above) were treated with 20 lM acetosyringone and incubated at 28°C for 1 day. The cells were collected, washed with an infiltration buffer [10 mM MES-KOH (pH 5.7), 10 mM MgCl 2 , and 200 lM acetosyringone], and resuspended in the infiltration buffer to an optical density (600 nm) of 0.5. The bacterial suspension was added to a 1-ml syringe for an infiltration into the abaxial side of leaves from N. benthamiana plants grown at 25°C for 4-5 weeks under long-day conditions. After incubating the plants for 5 days under the same conditions, the infected leaves were harvested, immediately frozen in liquid nitrogen, and stored at À80°C until analysis.
Frozen leaves were pulverized in liquid nitrogen with a mortar and pestle. The flavonoids were extracted from the pulverized material with ethanol containing 0.1% (v/v) trifluoroacetic acid (4.0 ml g À1 of material) at 4°C for 12 h followed by a centrifugation and filtration using a 0.22-lm filter. The extracts were subjected to acid hydrolysis in 1.8 M HCl at 100°C for 1 h, followed by an HPLC analysis (system B, see Appendix S2 for details).
Subcellular localization analysis of GmCHR isozymes using a Nicotiana benthamiana system
The GmCHR1-, GmCHR2-, GmCHR3-, GmCHR4-, GmCHR5-, and GmCHR6-coding sequences lacking a translation termination codon were amplified by PCR using the pGEM-T Easy-based constructs (see above) as templates and the corresponding primer sets (Table S6) . Restriction enzyme sites were added during the PCR for a subsequent subcloning into the pDOE-13 vector. The thermal cycling conditions were as follows: 94°C for 2 min; 30 cycles of 98°C for 10 sec, 55°C for 30 sec, and 68°C for 30 sec. The resulting fragments were subcloned into the SanDI/AatII sites of MCS3 in the pDOE-13 vector for the expression of a fusion protein with a C-terminal mVenus tag. The fusion protein was transiently expressed in N. benthamiana leaves as described above. The N. benthamiana leaves were observed 2 days after infiltration using a TCS-SP8 laser scanning confocal microscope (Leica, Mannheim, Germany). The fluorescence of the mVenus tag was visualized by excitation with a 514-nm laser pulse of white light, and signals at 520-560 nm were recorded using the HyD detector. The expressed mTurquoise2 protein was visualized by excitation with a 458-nm argon laser, and signals at 460-500 nm were recorded using the HyD detector. Additionally, a transmission image was simultaneously recorded using a photomultiplier tube-type detector. Each image was collected using the 'between lines' sequential scanning mode.
Binary protein-protein interaction assays using a splitubiquitin system
The split-ubiquitin membrane yeast two-hybrid system was used to analyze potential interactions between the CHR isozymes (GmCHR5 and GmCHR6) and IFS isozymes (GmIFS1 and GmIFS2). The interactions were assessed with the DUALmembrane Kit 3 (Dualsystems Biotech, Zurich, Switzerland) essentially as previously described (Waki et al., 2016) . For example, the full-length GmIFS1 sequence (without a translation termination codon) was subcloned into the SfiI sites of the pBT3-SUC vector for the expression of a recombinant protein containing the SUC peptide and the C ub -LexA-VP16 protein at the N terminus and C terminus, respectively. The SUC peptide consists of the 19-residue signal peptide of the Saccharomyces cerevisiae invertase Suc2p, while C ub -LexA-VP16 refers to the chimeric protein of the C-terminal half of ubiquitin (C ub ) and a transcription factor cassette (LexA-VP16). To construct the plasmid for expressing a GmCHR protein with the N-terminal half of a mutated ubiquitin (termed N ub G) at the N terminus (e.g., N ub G-GmCHR1), the SfiI-digested fragment of each cDNA was subcloned into the pPR3-N vector.
Saccharomyces cerevisiae strain NMY51 [MATa his3D200 trp1-901 leu2-3,112 ade2 LYS2::(lexA op ) 4 -HIS3 ura3::(lexA op ) 8 -lacZ ade2::(lexA op ) 8 -ADE2 GAL4] was transformed with derivatives of pBT3-SUC and pPR3-N (or as a positive control, pOst1-NubI and derivatives of pBT3-SUC) according to the manufacturer-recommended polyethylene glycol-lithium acetate method. A colony growing on synthetic dropout (SD) agar medium lacking tryptophan (W) and leucine (L) (SD/ÀW/ÀL) was transferred to a liquid SD/ÀW/ÀL medium, and the culture was incubated overnight at 30°C with shaking. The cells were collected by centrifugation and suspended in sterile water to an optical density (600 nm) of 1.0. 
Yeast two-hybrid assays
Yeast two-hybrid assays were conducted using the Matchmaker Gold Yeast Two-Hybrid System (Clontech, Mountain View, CA, USA) as previously described (Chien et al., 1991; Waki et al., 2016) . The yeast growth assays for protein-protein interactions were completed essentially as described above.
Phylogenetic analysis
Amino acid sequences from the proteome data of the following plant species were retrieved from Phytozome and GenBank databases: Glycine max (Wm82.a2.v1), Medicago truncatula (Mt4.0v1), Trifolium pratense (v2), Phaseolus vulgaris (v2.1), Arachis ipaensis (GCF_000816755.2), Arachis duranensis (GCF_000817695.2), Lupinus angustifolius (GCF_001865875.1), Vigna radiata var. radiata (GCF_000741045.1), Cajanus cajan (GCF_000340665.1), and Vigna angularis (GCF_001190045.1). An amino acid sequence database was created based on the obtained data for a BLAST search. Homologs of GmCHR5 were detected in this database using a blastp program. Amino acid sequences with an e-value <10
À10
were extracted from the database and used for the phylogenetic analysis of the gene tree. The Arabidopsis thaliana protein (At1g59960) most similar to GmCHR5 (i.e. best hit amino acid sequence) was used as the outgroup for the phylogenetic analysis. For the legume species tree, nucleotide sequences of a plastid gene, rbcL, which have been commonly applied for taxonomic analyses of plants, were used. Sequences were aligned using the Muscle algorithm implemented in SeaView with default settings.
Phylogenetic trees were reconstructed with PhyML implemented in SeaView with the LG amino acid substitution model and K80 nucleotide substitution model, for the gene and species trees, respectively. Genes that did not form monophyletic clades with GmCHR1-6 were excluded from further analyses. Branch supports were evaluated based on aLRT statistics. The gain and loss events of GmCHR5 homologs in the species tree were inferred according to the reconciled tree method of Notung 2.9 (http://www.cs.c mu.edu/~durand/Notung/index.html).
ACCESSION NUMBERS
The nucleotide sequences of the GmCHR homologs reported in this article have been submitted to the DDBJ database under the following accession numbers: GmCHR5 (LC309095) and GmCHR6 (LC309096).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Comparison of the predicted amino acid sequences encoded by GmCHR homologs. Figure S2 . Isoflavonoid contents and relative GmCHR1, GmCHR5, and GmCHR6 transcription levels in soybean seeds at different development stages. Figure S3 . Relative transcription levels of some GmCHR-encoding genes in soybean organs and tissues at different development stages. Figure S4 . SDS-PAGE analyses of the purified GmCHR and GmCHS proteins. Figure S5 . In vitro assay results of a CHR-catalyzed reaction in the presence of GmCHS7. Figure S6 . Subcellular localization of CHR isozymes. Figure S7 . Yeast two-hybrid assay results. Figure S8 . Biolayer interferometry sensorgrams obtained during assays of the interactions between GmCHR and GmCHS isozymes. Figure S9 . Proposed mechanism of GmCHR-catalyzed production of 6 0 -deoxychalcone. Figure S10 . Bimolecular fluorescence complementation (BiFC) assays for protein-protein interactions between GmCHS and GmCHR isozymes. Figure S11 . Alignment of GmCHR1 (top), GmCHR6 (middle), and GmCHR5 (bottom) nucleotide sequences. Figure S12 . Phylogenetic analysis of CHR-related genes using a tree reconciliation method. Table S1 . Identities (%) of nucleotide sequences of GmCHR paralogs are presented in a gray background, while the identities of the predicted amino acid sequences are indicated with green-gray background. Table S2 . Primer sets used for cloning GmCHR paralogs. Table S3 . Primer sets used for quantitative real-time PCR analysis of GmCHR paralogs. Table S4 . Primer sets used for the construction of the plasmids for overexpressing GmCHR isozymes. Table S5 . Primer sets used for the construction of the derivatives of the pDOE-13 vector (1). Table S6 . Primer sets used for the construction of the derivatives of the pDOE-13 vector (2). Appendix S1. Estimation of the average distance and mixing time between GmCHR and GmCHS isozymes under standard assay conditions. Appendix S2. Analytical HPLC systems used in this study.
